We consider a graviweak unification model with the assumption of the existence of a hidden (invisible) sector of our Universe, parallel to the visible world. This Hidden World (HW) is assumed to be a Mirror World (MW) with broken mirror parity. We start with a diffeomorphism invariant theory of a gauge field valued in a Lie algebra g, which is broken spontaneously to the direct sum of the spacetime Lorentz algebra and the Yang-Mills algebra:g = su(2)
Introduction 2 Unification models and Plebanski's theory of gravity
General relativity (GR), originally formulated by Einstein as the dynamics of a metric, g µν , was presented by Plebanski [18] , Ashtekar [19, 20] and others [21] [22] [23] in a self-dual approach, when the true configuration variable of GR is a connection corresponding to the gauging of the local Lorentz group, SO (1, 3) , and the spin group, Spin(1, 3) (or its chiral subgroup).
The idea that interactions are described by a gauge connection common to both Yang-Mills theory and GR, leads to the unification of gravity with the other forces. In the unification model [2] , the fundamental variable is a connection, A, valued in a Lie algebra, g, that includes a subalgebrag:
which is the direct sum of the Lorentz algebra (or a chiral subalgebra of it) and a YangMills gauge algebra. Previously, graviweak unification models were presented in Refs. [24] [25] [26] . The gravi-GUT unification was suggested in [27] [28] [29] and discussed in [30] . As it was shown in Ref. [30] , these unifications are based on the formulation of a fully g-invariant theory via an extension of the covariant Plebanski action of gravity [18] [19] [20] [21] [22] [23] . This kind of the extension previously had been studied in Refs. [31] [32] [33] [34] [35] [36] [37] [38] [39] (see also review [40] and Ref. [1] ), especially for the self-dual Plebanski action, where g (spacetime) = su(2) L . In Ref. [2] , g (spacetime) = spin(1, 3) is the gravitational gauge algebra, and the YangMills gauge algebra is a spin algebra, g Y M = spin(N). Finally, the model of unification of gravity, the SU(N) or SO(N) gauge fields and Higgs bosons is based on the full initial gauge algebra g = spin(p, q).
The main idea of Plebanski's formulation of the 4-dimensional theory of gravity [18] is the construction of the gravitational action from the product of two 2-forms (see [18] [19] [20] [21] [22] [23] and [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] ). These 2-forms are constructed using the connection A IJ and tetrads, or frames, e I as independent dynamical variables. Both A IJ and e I , also A, are 1-forms: 
Here the bivector generators γ IJ can be understood as the product of Cl(1, 3) Clifford algebra basis vectors: γ IJ = γ I γ J . The indices I, J = 0, 1, 2, 3 refer to the spacetime with Minkowski metric η IJ : η IJ = diag(1, −1, −1, −1). This is a flat space which is tangential to the curved space with the metric g µν . The world interval is represented as ds 2 = η IJ e I ⊗ e J , i.e.
Considering the case of the Minkowski flat spacetime with the group of symmetry SO(1, 3), we have the capital latin indices I, J, ... = 0, 1, 2, 3, which are vector indices under the rotation group SO(1, 3).
In the general case of the gauge symmetry G with the Lie algebra g = spin(p, q), we have I, J = 0, 1, 2, ..., p + q − 1.
The 2-forms B IJ and F IJ are defined as:
Here the tensor F IJ µν is the field strength of the spin connection A IJ µ :
which determines the Riemann-Cartan curvature:
We also consider the 2-forms B and F :
which are spin(1, 3) valued 2-form fields, and:
In the Plebanski BF-theory, the gravitational action with nonzero cosmological constant Λ is given by the integral:
where
For any antisymmetric tensors F µν there exist dual tensors given by the Hodge star dual operation:
and for any antisymmetric tensors A IJ there exists dual operation:
Here ǫ is the completely antisymmetric tensor with ǫ 0123 = 1. We can define the algebraic self-dual and anti-self-dual components of A IJ :
The two projectors
) realize explicitly the familiar homomorphism:
which rather than self-dual and anti-self-dual are more commonly dubbed right-handed and left-handed.
To make the mapping more explicit, it is convenient to pick out the time direction I = 0, and define
with i = 1, 2, 3 as an SU (2) (grav) L adjoint index. (Anti)self-duality then means:
The correct gauge was chosen by Plebanski, when he introduced in the gravitational action the Lagrange multipliers ψ ij -an auxiliary fields, symmetric and traceless. These auxiliary fields ψ ij provide the correct number of constraints.
Including the constraints, we obtain the following gravitational action:
Using the simpler self-dual variables instead of the full Lorentz group, Plebanski [18] and the authors of Refs. [19] [20] [21] [22] [23] suggested to consider the left-handed su(2) L -invariant gravitational action (18) with self-dual F = F (+)i and Σ = Σ (+)i . In general, we have:
The self-dual action (18) is equivalent to the Einstein-Hilbert action for general relativity with cosmological constant Λ.
3 Invisible Universe
Mirror World
Mirror matter is a new form of matter which is predicted to exist if mirror symmetry is respected by Nature. At the present time, evidence that mirror matter actually exists in the Universe is in abundance, coming from a range of observations and experiments in astronomy, particle physics, stars and planetary science.
The results of Refs. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] are based on the hypothesis of the existence in Nature of the invisible mirror parallel to the visible ordinary world. The Standard Model (SM) group of symmetry G SM was enlarged to G SM × G [3] [4] [5] [6] [7] .
The M-world is a mirror copy of the O-world and contains the same particles and types of interactions as our visible world. The observable elementary particles of our O-world have the left-handed (V-A) weak interactions which violate P-parity. If a hidden M-world exists, then mirror particles participate in the right-handed (V+A) weak interactions and have the opposite chirality. Lee and Yang were the first [3] to suggest such a duplication of the worlds, which restores the left-right symmetry of Nature. They introduced a concept of right-handed particles, but their R-world was not hidden. The term "Mirror Matter" was introduced by Kobzarev, Okun and Pomeranchuk [4] . They first suggested the MW as the hidden (invisible) sector of our Universe, which interacts with the ordinary (visible) world only via gravity, or another very weak interaction. They have investigated a variety of phenomenological implications of such parallel worlds (see reviews [14, 15] ).
Superstring theory also predicts that there may exist in the Universe another form of matter -hidden ('shadow') matter, which only interacts with ordinary matter via gravity or gravitational-strength interactions [5] [6] [7] . According to the superstring theory, the two worlds, ordinary and shadow, can be viewed as parallel branes in a higher dimensional space, where O-particles are localized on one brane and hidden particles -on another brane, and gravity propagates in the bulk. In Refs. [41] [42] [43] [44] [45] [46] we considered the theory of the superstring-inspired E 6 unification with different types of breaking in the visible (O) and hidden (M) worlds.
Mirror world with broken mirror parity
If the ordinary and mirror worlds are identical, then O-and M-particles should have the same cosmological densities. But this is immediately in conflict with recent astrophysical measurements.
Astrophysical and cosmological observations (see, for example, [47] [48] [49] ) have re-vealed the existence of Dark Matter (DM) which constitutes about 23% of the total energy density of the present Universe. This is five times larger than all the visible matter, Ω DM : Ω M ≃ 5 : 1. In parallel to the visible world, the mirror world conserves mirror baryon number and thus protects the stability of the lightest mirror nucleon. Mirror particles have been suggested as candidates for the inferred dark matter in the Universe (see Refs. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ). This theory explains the right amount of dark matter, which is generated via the mirror leptogenesis [50] [51] [52] [53] [54] , just like the visible matter is generated via ordinary leptogenesis [55, 56] . Therefore, mirror parity (MP) is not conserved, and the O-and M-worlds are not identical. In Refs. [8] [9] [10] [11] [12] it was suggested that the VEVs of the Higgs doublets φ and φ ′ are not equal:
Introducing the parameter characterizing the violation of MP,
we have the estimates of Refs. [8] [9] [10] [11] [12] and [57] [58] [59] [60] :
Then the masses of mirror fermions and massive bosons are scaled up by the factor ζ with respect to the masses of their counterparts in the OW:
and
while photons and gluons remain massless in both worlds. In the language of neutrino physics, the O-neutrinos ν e , ν µ , ν τ are active neutrinos, and the M-neutrinos ν ′ e , ν ′ µ , ν ′ τ are sterile neutrinos [61] . If MP is conserved (ζ = 1), then the neutrinos of the two sectors are strongly mixed (see Refs. [8] [9] [10] [11] [12] ). However, the present experimental and cosmological limits on the active-sterile neutrino mixing do not confirm this result.
In Refs. [62, 63] the exact parity symmetry explains the solar neutrino deficit, the atmospheric neutrino anomaly and the LSND experiment.
In the context of the SM, in addition to the fermions with non-zero gauge charges, one introduces also the gauge singlets, the so-called right-handed neutrinos N a with large Majorana mass terms. They have equal masses in the O-and M-worlds [8, 9] :
According to the usual seesaw mechanism [55, 56] , heavy right-handed neutrinos are created at the seesaw scale M R in the O-world and M ′ R in the M-world. From the Lagrangians, considering the identical O-and M-Yukawa couplings, we obtain:
The equality of the seesaw scales, M ′ R = M R , immediately leads to the relation between the masses of light neutrinos: m
Here sterile neutrinos are ∼ 10 4 times heavier than their O-partners. Eqs. (27) and (28) were first obtained in Ref. [57] .
Graviweak action in the visible and invisible sectors of the Universe
In Ref. [1] we suggested to describe the gravity in the visible Universe by the self-dual left-handed Plebanski's gravitational action, while the gravity in the invisible Universeby the anti-self-dual right-handed gravitational action:
where A, Σ = A (+) , Σ (+) are self-dual (left-handed) fields in the OW, and
are anti-self-dual (right-handed) fields in the MW, and Σ (±) are given by Eq. (20) .
Developing the ideas of Ref.
[1], we consider the graviweak unification model in both sectors of the Universe, visible and invisible. We start with a g = spin(4, 4)-invariant extended Plebanski's action, as proposed in Ref. [2] :
The wedge product ... is assumed between the forms. In this action with a parameter g, the connection, A = A IJ γ IJ , is the independent physical variable describing the geometry of the spacetime, while Φ, or Φ IJKL , are auxiliary fields. Here, F = dA + Varying the fields A, B and Φ, one obtains the field equations:
where D is the covariant derivative,
µ , and
The first equation (31) describes the dynamics, while (32) and (33) determine B and Φ. Solving the equations of motion for B in terms of F , we obtain the following ginvariant gravitational, gauge and Higgs field action:
where F = dA + For completeness, we briefly present, according to Ref. [2] , the spontaneous symmetry breaking of the g-invariant action (34) that produces the dynamics of the SU(2) Lgravity, and the SU(2) L gauge and Higgs fields with subalgebrã
The indices a, b ∈ {0, 1, 2, 3} are used to sum over a subset of I, J ∈ 0, 1, 2, ..., 7, and thereby select a spin(1, 3) subalgebra of spin(4, 4). The indices m, n ∈ {4, 5, 6, 7} sum over the rest. We also consider i, j ∈ {1, 2, 3}, thus selecting a su(2)
Analogous equations are valid in the MW with the initial spin(4, 4) R -algebra, and with a subalgebra:g ′ = su(2)
The spontaneous symmetry breaking of the graviweak unification in this model gives separate parts of the connection in terms of the following 2-forms:
Here the gravitational spin connection is:
which is valued in su (2) (grav) L
, and σ i are Pauli matrices, i = 1, 2, 3. The frame-Higgs connection
which is valued in the off-diagonal complement of spin(4, 4), is assumed to have the expression:
The field φ = φ i σ i is the scalar Higgs doublet of su(2) L . The gauge field:
or
is valued in su(2) L .
Analogous equations exist in MW for
Finally, using the results of Refs. [1] and [2] , we have the following actions for gravitational, the SU(2) L and SU(2) ′ R gauge and Higgs fields in the ordinary and hidden sectors of the Universe, respectively:
Here (43) is a modification to the standard gravitation related to the Gauss-Bonnet topological action [64, 65] .
The nontrivial vacuum solutions to the actions (43) give the non-vanishing Higgs vacuum expectation values (VEVs):
0 , at which the standard Higgs potentials have an extremum corresponding to a de Sitter spacetime background solution:
(see details in Ref. [2] ). Here R ( ′ ) 0 = 0 is a constant background scalar curvature. We see that in this model the spacetime geometry determines the Higgs VEVs, e.g. the masses of the SM and SM' particles.
After the symmetry breaking of the graviweak unification in both worlds, we obtain: 1) the Newton's constants in the OW and MW of our Universe, respectively, are equal to
2) the cosmological constants Λ ( ′ ) (given by the second term of (43)) are equal to
3) the weak coupling constants:
Finally, we have the following relations:
All physical constants are determined by a parameter g and the Higgs VEVs v ( ′ ) . Here we assume that the equality g ′ = g is a consequence of the existence of the Grand Unification at the early stage of the Universe when the mirror parity was unbroken.
Of course, the present model is too simple to have the correct phenomenological applications. It is necessary to note that all parameters -Newton's constants, the cosmological constants, the gauge couplings g Y M = g W , etc., considered in (43) -are the bare parameters, which refer to the Planck scale (see, for example, the Planck scale physics in Refs. [66] [67] [68] ).
Using the experimentally known values of G N , where M red.
GeV, and v ≈ 246 GeV, we can obtain the value of g from Eq. (45) . However, we cannot relate the value g The reason is that such a running α 2 includes the electroweak breaking symmetry and also is determined by the fermion (quark) contributions, which are absent in the present model. Nevertheless, the explicit relation between the gravitational and Yang-Mills couplings is a consequence of a genuine unification of gravity and Yang-Mills theory.
Communications between Visible and Hidden worlds
The broken MP means that parity violation applies not only for the weak interaction, but also in the gravitational sector. The parity violation of gravity was considered in Ref. [69] , where the authors suggested to find the effect of birefringence amplitude of gravitational waves, whereby left and right circularly-polarized waves propagate at the same speed but with different amplitude evolution. A test of this effect was proposed through coincident observations of gravitational waves and short gamma-ray bursts from binary mergers involving neutron stars. Such gravitational waves are highly left or right circularly-polarized due to the geometry of the merger. All sky gamma-ray telescopes can be sensitive to the propagating sector of gravitational parity violation.
The dynamics of the two worlds of our Universe, visible and hidden, is governed by the following action (see [1] ):
where L (grav) is the gravitational (left-handed) Lagrangian in the visible world, and L
is the gravitational right-handed Lagrangian in the hidden world, L SM and L ′ SM ′ are the Standard Model Lagrangians in the O-and M-worlds, respectively, L (mix) is the Lagrangian describing all mixing terms (see [8] [9] [10] [11] [12] [13] [14] ) giving small contributions to physical processes: mirror particles have not been seen so far, and the communication between visible and hidden worlds is hard.
There are several fundamental ways by which the hidden world can communicate with our visible world. The Lagrangian L (mix) describes all possible mixing terms which are consistent with the symmetries of the theory:
where the first term is the gravitational mixing term (see [40] ),
field strength tensor and φ(φ ′ ) is the ordinary (mirror) Higgs doublet (see [70] ). The last term of Eq. (50) provides the 'Higgs-mirror Higgs' mass mixing that can lead to non-standard Higgs boson physics at the LHC [70] .
The left-handed gravity interacts not only with visible matter, but also with mirror matter. The right-handed gravity also interacts with matter and mirror matter. We assume that a fraction of the mirror matter exists in the form of mirror galaxies, mirror stars, mirror planets etc., (see, for example, Ref. [71] ). These objects can be detected using gravitational microlensing [72] .
There exists the kinetic mixing between the electromagnetic field strength tensors for visible and mirror photons (see Refs. [73, 74] and [75] ):
The 'photon-mirror photon' mixing induces the 'orthopositronium-mirror orthopositronium' oscillations [73, 74] . Future experiments with orthopositronium were suggested in Ref. [76] .
Interactions between visible and mirror quarks and leptons are expected to take place. Mirror neutrons can oscillate to ordinary neutrons giving 'neutron-mirror neutron' oscillations (Refs. [77] [78] [79] [80] ).
Mass mixings between visible and mirror (sterile) neutrinos lead to the 'neutrinomirror neutrino' oscillations what was suggested by Ref. [57] (see also [81, 82] and [14] ).
Heavy Majorana neutrinos N a are singlets of G SM and G ′ SM ′ , and they can be messengers between visible and hidden worlds (see Refs. [50] [51] [52] [53] [54] ).
Also any weakly interacting singlet scalar field can be a messenger between OW and MW.
The search for mirror particles at the LHC is discussed in Ref. [83] .
Dark Energy of the Universe
In both worlds, O and M, the Einstein equations
contain the energy momentum tensor of matter T
µν . In our theory the dark energy density of the Universe is:
where Λ
and Λ ( ′ ) are bare cosmological constants (46) of our theory. Astrophysical measurements [47] [48] [49] give:
Recalling that M red P l = (8πG N ) −1 GeV and v ′ = ζv, we obtain:
All quantum fluctuations of the matter contribute to the vacuum energy density ρ vac of the Universe. We expect that quantum field theory is valid up to some cut-off scale M (cut−of f ) , and the vacuum energy density in the SM and SM ′ is evaluated by the sum of zero-point energies of quantum fields. Then we have:
Developing ideas of Refs. [1, 2] , we presented a graviweak unification model in the visible and invisible parts of the Universe. We started with an extended g = spin(4, 4) Linvariant Plebanski action in the OW, and g = spin(4, 4) R -invariant Plebanski action in the MW.
We showed that the graviweak symmetry breaking leads to the following subalgebras:
′ R -in the hidden world. These subalgebras contain the self-dual left-handed gravity in the OW, and the anti-self-dual right-handed gravity in the MW.
The nontrivial vacuum solutions corresponding to the obtained actions are nonvanishing Higgs vacuum expectation values (VEVs): In this model, we showed that the action for gravity, and the SU(2) Yang-Mills and Higgs fields, constructed in the ordinary world, has a modified duplication for the hidden sector of the Universe. Considering the graviweak unification in the both worlds of the Universe, we obtained, after symmetry breaking, Newton's constants G . We also discussed the problems of communications between visible and invisible worlds. Mirror particles have not been seen so far in the visible world, and the communication between visible and hidden worlds is hard. This communication is given by the L (mix) -term of the total Lagrangian of the Universe, and the contributions of processes described by L (mix) are extremely small.
Finally, we considered the problem of the DE. The recent astrophysical and cosmological measurements give a tiny value of the dark energy density ρ DE = ρ vac ≃ (2.3 × 10 −3 eV) 4 , what means that the sum . This compensation is possible if we have the dominance of DOF of fermions in the sum of zero-point energies of all quantum field fluctuations. In the framework of the present graviweak unification model with broken symmetry, the estimate gives a cut-off scale, which is less than the Planck scale. If this scale is equal to the supersymmetry breaking scale, then it is extremely large: M SU SY ∼ 10 10 GeV, and not within the reach of the LHC experiments. A possibility to reduce this value of M SU SY is also discussed. 
